To deter pathogenic microorganisms and herbivores, plants have developed an inducible chemical defense system. It is known that the induced synthesis of low molecular weight compounds can be provoked by exposing cultured cells to fungal cell wall fragments. In this study we show that endogenous jasmonic acid and its methyl ester accumulate rapidly and transiently after treatment of plant cell suspension cultures of RauvolJ' canescens and Eschscholtia caisfornica with a yeast elicitor. Thirty-six plant species tested in cell suspension culture could be elicited with respect to the accumulation of secondary metabolites by exogenously supplied methyl jasmonate. Addition of methyl jasmonate initiates de novo transcription of genes, such as phenylalanine ammonia lyase, that are known to be involved in the chemical defense mechanisms of plants. These data demonstrate the integral role of jasmonic acid and its derivatives in the intracellular signal cascade that begins with interaction of an elicitor molecule with the plant cell surface and results, ultimately, in the accumulation of secondary compounds.
ABSTRACT
To deter pathogenic microorganisms and herbivores, plants have developed an inducible chemical defense system. It is known that the induced synthesis of low molecular weight compounds can be provoked by exposing cultured cells to fungal cell wall fragments. In this study we show that endogenous jasmonic acid and its methyl ester accumulate rapidly and transiently after treatment of plant cell suspension cultures of RauvolJ' canescens and Eschscholtia caisfornica with a yeast elicitor. Thirty-six plant species tested in cell suspension culture could be elicited with respect to the accumulation of secondary metabolites by exogenously supplied methyl jasmonate. Addition of methyl jasmonate initiates de novo transcription of genes, such as phenylalanine ammonia lyase, that are known to be involved in the chemical defense mechanisms of plants. These data demonstrate the integral role of jasmonic acid and its derivatives in the intracellular signal cascade that begins with interaction of an elicitor molecule with the plant cell surface and results, ultimately, in the accumulation of secondary compounds.
Plant defense against pathogens or herbivores involves the induced synthesis of low molecular weight compounds called phytoalexins (1, 2) . Fungal cell walls and fragments thereof (biotic elicitors) (3) trigger this defense response even in plant cell suspension cultures (4) . The elicitor molecule interacts with a plant membrane receptor (5) that through an unknown mechanism activates specific genes (6) , resulting in the synthesis of almost all chemical classes of secondary plant products (7) . Jasmonic acid and its methyl ester have been 0 For jasmonic acid, R is H; for methyl jasmonate, R is CH3.
shown to be natural hormonal regulators controlling plant senescence (8, 9) , to induce proteinase inhibitor proteins in response to wounding and pathogen attack (10) , and to trigger tendril coiling upon mechanical stimulation (11) .
It has been recently suggested that jasmonic acid could be an integral part of a general signal transduction system regulating inducible defense genes in plants (10) . In search of the signal chain between the elicitor-receptor complex and the gene activation process, we have identified that, in suspension cultures of plant species representing a wide taxonomic distribution, jasmonic acid and its established precursors [e.g., a-linolenic acid (12) ] have a position in this molecular cascade of events. Jasmonate is rapidly synthesized in response to treatment with a fungal elicitor in suspension cultures of Rauvolfia and Eschscholtzia, and exogenously applied methyl jasmonate induces, in the absence of elicitors, in all the plant cell suspension cultures tested, the synthesis of specific low molecular weight compounds. Moreover, exogenously applied methyl jasmonate induces de novo transcription of the gene (13) of the key enzyme of the phenylpropanoid pathway, phenylalanine ammonia lyase (PAL) (14) , resulting in elevated levels of active enzyme in soybean (Glycine max) cell suspension cultures. The jasmonates are, therefore, key signal compounds in the elicitation process leading to de novo transcription and translation and, ultimately, to the biosynthesis of secondary metabolites in plant cell cultures.
MATERIALS AND METHODS
Plant Cell Cultures. Cell suspensions of Corydalis claviculata, Crotolaria cobalticola, Eschscholtzia californica, G. max, Lactuca sativa, Lycopersicum esculentum, Rauvolfia canescens, Rubia tinctorum, Ruta chalepensis, and Sarcocapnos crassifolia from the departmental culture collection were grown in Linsmaier and Skoog medium (15) on a gyratory shaker (100 rpm) at 24°C in continuous light (650 lux) for 7 days. Cells were harvested under sterile conditions by filtration, 200 g (fresh weight) was suspended in 1.0 liter of fresh medium in Fernbach flasks, and growth was continued for 3 days. Forjasmonate analysis, cells were elicited (10-100 ,g of yeast elicitor added per ml of cell suspension) and 60 ml was removed every 10 min for 2 hr. Control cells were treated in an identical manner except that 10 ml of H20 was added instead of elicitor.
Most secondary metabolite elicitation experiments were conducted in 24-well Nunc multiculture dishes, each well containing 1 ml of cell suspension under sterile conditions, agitated on a reciprocal shaker at 140 strokes per min (16) . Cells were harvested and the extracts were obtained as described (16) . Secondary compounds were identified by comparison of HPLC retention times to those of reference compounds and/or by mass spectral and/or NMR analyses. Metabolites from Glycine and Rubia were analyzed as their aglycones. The yeast elicitor was prepared as described (17, 18) .
Enzyme and RNA Analysis. PAL activity was measured spectrophotometrically (19) and the berberine bridge enzyme activity was assayed as described (20) . RNA was isolated from 5 g (fresh weight) of G. max The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. num crispum) and to berberine bridge enzyme cDNA (22), respectively; each DNA was labeled by nick-translation.
Jasmonate Determinations. Suspension cells (60 ml) grown under the conditions described above were removed under sterile conditions, rapidly filtered, and shock-frozen in liquid N2. The frozen cells were thawed in 30 ml ofethanol, to which was immediately added 100 ng of 9,10-dihydrojasmonic acid methyl ester and 100 ng of 9,10-dihydrojasmonic acid (synthesized from jasmonic acid or its methyl ester by catalytic hydrogenation with Pd/charcoal) as internal standards. Samples were sonicated for 1 min; the tissue was separated and extracted a second time with 30 ml of ethanol. The ethanolic extracts were evaporated at 400C to dryness and the residue was dissolved in 50 ml of H20. The solution was acidified with 3 ml of 12 M HCO and was extracted with three 50-ml volumes of CHCl3. The organic phase was dried over Na2SO4 and evaporated. The residues were dissolved in 100 p.l of methanol and an excess of diazoethane in ether (1 ml) was added. After 30 min at room temperature, the sample was evaporated to dryness, the residue was dissolved in 1 ml of n-hexane and was applied to a silica solid-phase extraction column (J. T. Baker Bakerbond SPE silica gel, 500 mg, 3 ml).
The column was washed with 5 ml of n-hexane and eluted with 7 ml of n-hexane/diethyl ether, 2:1 (vol/vol). The sample was taken to dryness, dissolved in 20 A.l of methanol and 3 1.l was analyzed by gas chromatography/mass spectrometry (GC/MS) [ (Fig. 1B) . Using the same methodology, a similar induction profile was obtained for jasmonic acid and its ester Time after elicitor addition, min jasmonic acid is the most rapid transient accumulation of an apparent organic signal molecule in the elicitation process reported.
To further demonstrate that the accumulation ofjasmonic acid and methyl jasmonate is indeed triggering the biosynthesis of secondary defense compounds in plant cell suspension cultures, a culture of E. californica, which was known to respond to fungal elicitors with the formation of a variety of hydroxylated and methoxylated benzo[c]phenanthridine alkaloids (16, 23) , was exposed to methyl jasmonate. This ester is believed to be, at least, partially hydrolyzed by endogenous esterases to free jasmonic acid within the plant tissue. Benzo[c]phenanthridine alkaloids accumulated in a dose-dependent manner, with maximal induction at 0.1 mM jasmonate (Fig. 2) . By considering that the physiologically active epimer of jasmonate [(+)-epijasmonate] represents only 5% of the total jasmonate in natural and synthetic samples (24, 25) due to rapid epimerization and that exogenously applied jasmonate is rapidly metabolized in plants (26) , the physiological concentration measured after elicitation ( Fig. 1 ) and the optimal exogenously applied concentration of the correct stereoisomer were both in the range of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] gM. The HPLC profile of the alkaloid fraction of control and jasmonate-elicited cultures showed a general induction of alkaloid accumulation in the E. californica culture (Fig. 3) . This resembled the profile obtained when E. californica cultures were challenged with a yeast cell wall preparation (16) . Control cultures contained total benzo[c]phenanthridine alkaloids at 18 mg/liter of culture medium [1.3 mg/g (dry weight)], yeast-elicitor-treated optimally stimulated cultures contained 265 mg/liter of medium [26 mg/g (dry weight)], and methyl jasmonate (100 nmol/ml)-exposed cultures contained 271 mg/liter of medium [27 mg/g (dry weight)]. The exposure of E. californica cultures to 100 lM methyl jasmonate caused a maximal induction of alkaloids that could be detected within 6 hr after the addition of the signal substance to the culture medium. Alkaloids continued to accumulate at an almost linear rate for at least 136 hr (Fig. 4) . Cell cultures not treated with jasmonate showed only a marginal accumulation of alkaloids.
The induction of secondary metabolism by jasmonate was not restricted to select cell cultures (Table 1) Methyljasmonate (250 ,uM) was added to cultures % hr prior to cell harvest. The metabolites were quantitated by HPLC. for which the main metabolite had been identified, were exposed to methyl jasmonate and the resultant concentrations of secondary compounds were identified and quantitated by HPLC. Table 1 by a factor of 9-30 over the control values in these systems. Induction by jasmonate does not appear to be specific to any one type of secondary metabolite but rather general to a wide spectrum of low molecular weight substances ranging from (in this limited survey) flavonoids, guaianolides, and anthraquinones to various classes of alkaloids (Table 1) . A total of 36 species in culture belonging to mono-and dicotyledonous plants responded to treatment with various concentrations (0.1-500 gM) of methyl jasmonate as judged by the formation of low molecular weight compounds (HPLC analysis; detection at 280 nm). Thus far, all plant cell suspension culture systems tested responded to exposure to jasmonate with the accumulation of low molecular weight compounds.
Final proof that the exposure of plant cell cultures to methyl jasmonate leads to an increase in expression of the genes involved in secondary metabolism was provided by the measured increase in PAL poly(A)+ RNA (27) followed by an increase in PAL enzyme activity, indicative of de novo transcription, translation, and flavonoid biosynthesis, in elicited soybean cell suspension cultures. After addition of 250 1LM methyl jasmonate, this culture produced total flavonoids at 75 mg/liter as compared to 4 mg/liter in the control culture. PAL poly(A)+ RNA and enzyme activity were strongly induced, reaching maximal values at 25 hr (Fig. 5A ) and 33 hr (Fig. 5B) , respectively, after the addition of methyl jasmonate. This inductive effect was also shown to proceed with de novo transcription and translation along the benzo[c]phenanthridine alkaloid biosynthetic pathway in E. californica cell suspension cultures by the increase in the central enzyme, the berberine bridge enzyme (20, 22) , poly(A)+ RNA (maximum at 6 hr after methyl jasmonate addition, a 5-fold increase over control) that preceded an increase in berberine bridge enzyme activity (maximum at 17 hr after methyl jasmonate addition, a 12-fold increase over control). The profiles obtained with methyl jasmonate induction were similar to those obtained with yeast-cell-wall-elicited cultures (22) .
DISCUSSION
Exposure of cell suspension cultures of Rauvolfia canescens and E. californica to a yeast cell wall elicitor leads to the rapid transient induction of endogenous jasmonic acid and methyl jasmonate. Elicitation of cell cultures with fungal cell wall components has long been known to result in the synthesis of low molecular weight compounds (4). The biosynthetic pathways leading to these compounds have, in the case of flavonoids and benzolc]phenanthridine alkaloids, been completely elucidated (28, 29) , and the principal genes and certain elements governing their regulation have been identified (13) . This elicitation process is now known to proceed with gene activation leading, ultimately, to the synthesis ofbiosynthetic enzymes and the metabolites they form. Jasmonic acid and its derivatives have an integral role in the cascade of events that occur in the elicitation process, causing either directly or indirectly the activation of the genes of secondary metabolism. There is one report (30) of the induction of secondary plant product accumulation (anthocyanin) in response to treatment of germinating soybean seedlings with methyl jasmonate, indicating that this defense mechanism is operative not only in plant cell suspension cultures but also in differentiated plants. In agreement with previously presented proposals for other plant systems (10, 11) , the results reported here support the following hypothetical mechanism: an elicitor-receptor complex activates a lipase, thereby releasing a-linolenic acid, which is then transformed by constitutive enzymes (12) to jasmonic acid and methyl jasmonate. Whether the elicitation of phytoalexin biosynthesis also involves the recently discovered peptide systemin (31 ) is yet to be investigated.
The fact that exogenously supplied methyl jasmonate activates, in different plant systems, a multitude of"jasmonateinduced proteins" (32) can now be explained in a satisfactory manner by the fact that, in each plant, a multitude of species-specific genes involved in the formation of high (10) and low molecular weight compounds are expressed in response to these signal-transducer molecules. Without knowledge of its function in plants, jasmonic acid has been compared to the prostaglandins, chemically similar mammalian hormones (33) . This hypothesis may now prove to be correct in light of the induction of proteinase inhibitors (10), storage proteins (30) , and tendril coiling (11) and the results presented here.
